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Hydrocarbonoclastic bacteria (HCB) play a key role in the biodegradation of oil
hydrocarbons in marine and other environments. A small number of taxa have been
identified as obligate HCB, notably the Gammaproteobacterial genera Alcanivorax,
Cycloclasticus, Marinobacter, Neptumonas, Oleiphilus, Oleispira, and Thalassolituus, as
well as the Alphaproteobacterial genus Thalassospira. Detection of HCB in amplicon-
based sequencing surveys relies on high coverage by PCR primers and accurate
taxonomic classification. In this study, we performed a phylogenetic analysis to identify
16S rRNA gene sequence regions that represent the breadth of sequence diversity
within these taxa. Using validated sequences, we evaluated 449 universal 16S rRNA
gene-targeted bacterial PCR primer pairs for their coverage of these taxa. The results
of this analysis provide a practical framework for selection of suitable primer sets for
optimal detection of HCB in sequencing surveys.
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INTRODUCTION
Marine microorganisms play important roles in major biogeochemical processes and in various
interactions with higher organisms that, respectively, impact our climate and the sustainability
and balance of life on this planet. A subset of the microbiome in the global ocean that plays a
fundamental role in the biodegradation and ultimate removal of petrochemical pollutants are the
hydrocarbonoclastic bacteria (HCB). The fate of oil in the environment is largely dictated by the
presence and activities of these bacteria. Over 175 genera, distributed across several major bacterial
classes (Alpha-, Beta-, and Gammaproteobacteria; Actinomycetes; Flavobacteria-Cytophaga-
Bacteroides), comprise representatives of HCB species (Prince et al., 2010). Most comprise diverse
groups of aerobic ‘generalist’ hydrocarbon degraders that can utilize hydrocarbons and non-
hydrocarbon substrates as a source of carbon and energy. Generalists may be overlooked when
evidence to substantiate their involvement in the degradation of hydrocarbons is lacking. A subset
of HCB comprise members that “specialize” in the degradation of linear or branched saturated
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FIGURE 1 | Phylogeny of taxa with cultivated hydrocarbonoclastic bacteria (HCB) and sister groups. Neighbor-joining phylogenetic reconstruction of 16S
rRNA gene sequences extracted from the SILVA LTP 123 database classified to Oceanospirillales, Alteromonodaceae, Rhodospirillaceae, and Pisciricketsiaceae.
Target taxa are labeled. Bar indicates 10 substitutions per 100 nucleotide positions.
hydrocarbons (Alcanivorax, Oleiphilus, Oleispira, and
Thalassolitus), or of aromatic hydrocarbons (Cycloclasticus
and Neptunomonas) – i.e., they use these hydrocarbons almost
exclusively as a sole source of carbon and energy (Figure 1).
These fastidious organisms are strongly selected for in oil-
impacted environments, where they can increase in numbers
from near undetectable levels to constituting up to 70–90%
of the total bacterial population, such as during an oil spill
(Head et al., 2006; Yakimov et al., 2007). Several other obligate
HCB (Algiphilus aromaticivorans, Polycyclovorans algicola,
Porticoccus, hydrocarbonoclasticus) were discovered in recent
years from the phycosphere of marine eukaryotic phytoplankton
(Gutierrez et al., 2012a,b, 2013a). The analysis of laboratory and
field samples of phytoplankton with CARD-FISH (catalyzed
reporter deposition fluorescence in situ hybridization) probes,
that were designed to target these obligate HCB, has revealed
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that the numbers of these bacteria on phytoplankton cells is
extremely low – from no HCB cells, to one or two detected per
phytoplankton cell (unpublished data). This may explain why
these organisms are not often detected in sequencing surveys,
and their role in the fate of oil hydrocarbons in the ocean remains
poorly understood.
The last years have seen a substantial increase in our
understanding of marine microbial diversity and function, which
has largely been driven by technical advances in sequencing
technology that now allow for massively parallelized, high-
throughput sequencing and at a manageable cost for most
laboratories. The ability to sequence many samples in parallel
and to a great depth has offered an unprecedented view on
the composition of marine microbial communities. Sequencing-
based microbial surveys can generate large datasets that provide
insight into microbial biogeography, as well as help reveal
microbial community structure and dynamics in response
to major perturbations, such as the Deepwater Horizon oil
spill. Most of the published literature that investigated the
water column microbial community response to the Deepwater
Horizon spill utilized conventional (Sanger) and next generation
sequencing (pyrosequencing) approaches of 16S rRNA genes
(Joye et al., 2014). This revealed the protagonistic role that HCB
played in responding to this massive oil spill in sea surface oil
slicks (Gutierrez et al., 2013b), in a subsurface oil plume (Hazen
et al., 2010; Yang et al., 2016) and in contaminated sediment
(Kimes et al., 2013) in the Gulf of Mexico. Assigning metabolic
function, specifically the ability to degrade oil hydrocarbons,
to the enriched taxa identified in these sequencing surveys
was largely based on their phylogenetic affiliation to published
hydrocarbon-degrading representative strains. This is common
practice in studies investigating the microbial response to
oil contamination, mainly because it is convenient and low
sequencing allow high-throughput analysis. Other techniques,
such as stable-isotope probing, which is an approach ideal
for linking taxonomic identity with a metabolic function of
interest (Gutierrez et al., 2013b), can be onerous and costly.
Cultivation techniques that target the isolation of oil degraders
are also highly useful as this allows one to directly interrogate
the metabolic potential of isolate strains in the laboratory;
however, this can be precluded by the fact that a relatively small
fraction of microorganisms are amenable to cultivation in the
laboratory.
While amplicon sequencing technologies have advanced
significantly in recent years, they rely on suitable PCR primer
coverage of target microbial groups (e.g., the HCB) to provide
a reliable view of microbial diversity and community structure.
To the best of our knowledge, reports describing isolates
belonging to any of the genera of obligate HCB have all
been shown to degrade hydrocarbons. Hence, we can be
highly confident that any organism identified by 16S rRNA
gene sequencing to be affiliated to any of the eight genera
of obligate HCB will be capable of degrading hydrocarbons.
Despite inherent limitations in PCR-based methods such
as biases in cell lysis efficiency, differences in rRNA copy
number, and variation in amplification efficiency of different
templates, PCR-based studies are an important method to
catalog microbial diversity. For this subset of bacteria, PCR-
based amplification of the 16S rRNA gene remains a powerful
tool to link taxonomic identity with the ability to degrade
hydrocarbons. In this study, we identified 16S rRNA gene
sequences that represent the phylogenetic breadth of key HCB
taxa using a detailed phylogenetic analysis. We then used
these validated representative taxa to determine the coverage
of these groups by a comprehensive list of commonly used
universal 16S rRNA gene-targeted PCR primer sets. With this
approach, we were able to identify PCR primer sets well-
suited for use in sequencing surveys focused on detection of
HCB but that also applicable for detecting overall bacterial
diversity.
MATERIALS AND METHODS
Processing Sequences for Phylogenetic
Analysis
Phylogenetic analysis was aimed at the following taxa, which
contain members that are obligate HCB: Oceanospirillales,
Alteromonadaceae, Rhodospirillaceae, and Piscirickettsiaceae
(Figure 1). These taxa, as well as outgroup genera for them
(Vibrio, Shewanella, Acidomonas, and Beggiatoa, respectively)
were extracted from the SILVA SSU Ref 123 database of 16S
rRNA gene sequences (Quast et al., 2013). In order to select a
smaller number of representative sequences for phylogenetic
analysis, extracted sequences were clustered at 97% sequence
identity into operational taxonomic units (OTUs) using usearch
(Edgar, 2010) and a representative sequence was chosen as the
most abundant unique sequence within each OTU. Putative
chimeras were identified using usearch and subsequently
removed. To ensure that well-characterized strains were included
in the phylogenetic analysis, the 16S rRNA gene sequence
of type strains from each of the target taxa were extracted
from the SILVA LTP 123 database (Yarza et al., 2008) and
added to the set of representative sequences. Sequences were
aligned with mothur (Schloss et al., 2009). In order to minimize
possible artifacts arising from misalignments by the automatic
aligner, the resulting alignments were filtered by removing
positions in the alignment that were gaps for at least 90% of
sequences. Identical sequences (i.e., duplicates) present after
filtering of the alignment were de-replicated before phylogenetic
analysis.
Phylogenetic Analysis
Phylogenetic trees from representative sequences were generated
using the Maximum-likelihood method implemented in RAxML
(Stamatakis, 2014). RAxML analysis was performed using the
GTRGAMMA model and 1,000 bootstrap iterations. Trees were
then visualized using FigTree1. Trees were manually inspected
and sequences forming a monophyletic group with a type strain
sequence were considered to be in the same genus as the type
strain.
1http://tree.bio.ed.ac.uk/software/figtree
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FIGURE 2 | Large variability in coverage of universal bacterial 16S
rRNA gene primer pairs for HCB taxa. Histograms are shown of coverage
(Continued)
FIGURE 2 | Continued
for primer pairs designed to produce amplicons of either small (100-400 bp;
105 primer pairs), medium (>400–<1000 bp; 252 primer pairs), or large
(>1000 bp; 92 primer pairs) size. The y-axis of the histograms shows the
number of primer pairs identified for each interval of coverage, which has
been divided into intervals of 10%. Coverage is shown for each target taxon
separately to illustrate the variability between coverage across target taxa.
Many primer pairs in each of the amplicon size ranges have <10% coverage
for at least one target taxa. Primer pairs were identified with >90% coverage
for at least one target taxon for all amplicon size ranges, though no large
amplicon primer pairs captured the taxa Alcanivorax, Cycloclasticus, or
Oleispira with >90% coverage. Details for each primer pair are given in
Supplementary Table S1.
Evaluation of Published 16S rRNA
Gene-Targeted PCR Primers for HCB
Taxa
All of the sequences that were part of OTUs manually identified
as belonging to HCB genera were compiled. A comprehensive
list of 449 published primer sets targeting the 16S rRNA
gene of Bacteria (Klindworth et al., 2013) was then tested
against these sequences to evaluate primer coverage for HCB
taxa in silico. Primer pairs were evaluated for perfect matches
to target sequences using the R package Biostrings (Pages
et al., 2014). Resulting sequences from targeted regions of
the 16S rRNA gene were extracted and used for classification
testing. The Ribosomal Database Project naïve Bayesian Classifier
(NBC) (Wang et al., 2007), which included a 16S rRNA
gene training set (v. 15), was used to taxonomically classify
sequences of target taxa. Sequences were de-replicated to remove
non-unique sequences and were classified using the NBC
using default parameters. Primer pairs that had at least 95%
coverage for targeted HCB taxa were then re-evaluated for their
coverage for all Bacteria using TestPrime (Klindworth et al.,
2013).
RESULTS AND DISCUSSION
Developing a Manually Curated
Database of 16S rRNA Genes Sequences
of HCB Taxa
In the present study, we performed a phylogenetic analysis
to validate the classification of 16S rRNA gene sequences
for eight HCB taxa that are recognized as key players in the
biodegradation of oil hydrocarbons in the marine environment.
In order to select sequences for phylogenetic analysis, 16S rRNA
gene sequences that were classified as belonging to either a
family or order of the included HCB taxa (Alteromonadaceae
[6,252 sequences], Oceanospirillales [23,656 sequences],
Piscirickettsiaceae [1,571 sequences], and Rhodospirillaceae
[5,168 sequences]) were extracted from the SILVA SSU rRNA
database. These sequences were clustered into OTUs at 97%
sequence identity and representative sequences were selected for
each OTU (Alteromonadaceae [476 sequences], Oceanospirillales
[1,577 sequences], Piscirickettsiaceae [228 sequences], and
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Rhodospirillaceae [1,206 sequences]) (Supplementary Data
Sheet S2). In addition, 16S rRNA gene sequences from cultured
representatives of these groups were extracted from the SILVA
LTP database. After pre-processing of sequences, phylogenetic
trees were produced and manually inspected. Generally, the
taxonomic classification provided in the SILVA SSU 123 NR
database was consistent with monophyletic groupings in our
phylogenetic reconstruction. The HCB genus Marinobacter
within the family Alteromonodaceae clustered into a well-
supported monophyletic group (bootstrap support (BS) = 94)
and 151 sequences were selected from this clade (Supplementary
Figure S1). Within the family Piscirickettsiaceae, the genus
Cycloclasticus also formed a well-supported clade (BS = 100)
and 24 sequences were selected (Supplementary Figure S2).
Within the family Rhodospirillaceae, the genus Thalassospira
formed a well-supported clade (BS = 69) (Supplementary
Figure S3). However, members of the genus Terasakiella
formed a distinct lineage within Thalassospira (BS = 69, 7
sequences). These sequences were removed and the remaining
76 Thalassospira sequences were selected. Within the order
Oceanospirillales, four Oleispira sequences were selected
(BS = 92), 10 Neptunomonas sequences were selected (BS = 48),
three Thalassolituus sequences were selected (BS = 60), and
a single Oleiphilus sequence was selected (Supplementary
Figure S4). Oleiphilus is rarely detected in sequencing surveys,
and may have a restricted distribution in the environment and
present only at certain sites such as the coast of Messina, Italy
(Golyshin et al., 2002). The genus Alcanivorax had low bootstrap
support (BS = 8). We therefore opted for a conservative
approach and only lineages with cultured representatives were
selected, resulting in 135 selected sequences for this genus.
All selected sequences are available in the Supplementary
Information.
Selecting Candidate 16S rRNA
Gene-Targeted PCR Primer Pairs to
Detect HCB
Using the validated set of HCB taxa sequences, including all
sequences within each OTU, we evaluated a comprehensive list
of published universal Bacteria 16S rRNA gene-targeted primer
pairs for their coverage for these taxa (Supplementary Table S1).
We used the grouping of primer pairs into small (100–400 bp),
medium (>400–<1000 bp), and large (>1000 bp) amplicons
according to Klindworth et al. (2013) and evaluated perfect-
match coverage for target taxa in silico. For all three amplicon
size classes, there was a large distribution of coverage of
primer pairs, with many primer pairs having less than <10%
coverage for some or all of the target taxa (Figure 2).
Generally, more primer pairs producing short amplicons had
high coverage (>90%) than primer pairs producing medium
or long amplicons. An optimal primer pair would have high
coverage for each of the eight HCB target taxa, but we observed
large variability in the number of primer pairs with high
coverage across all of the target taxa. For each amplicon size
category, primer pairs were identified having at least 83–95%
coverage (Figure 2 and Supplementary Table S1; Minimum
coverage for each target taxon: short amplicon= 93.8%, medium
amplicon = 94.7%, long amplicon = 83.4%). Multiple short
and medium amplicon primer pairs were identified that had
>90% coverage for each of the target taxa, though no long
amplicon primer pairs were identified with >90% coverage
for each of the target taxa (Figure 2 and Supplementary
Table S1; short amplicon = 51 out of 105 pairs; medium
amplicon = 16 out of 252 pairs; long amplicon = 0 out
of 92 pairs). The reason for this is that no large amplicon
primer pairs had >90% coverage for the groups Alcanivorax,
Cycloclasticus, and Oleispira (Figure 2). These results highlight
that if long-read sequencing technologies become practical
for amplicon sequencing new primers should be designed to
better target these taxa. A list of primer pairs with >95%
coverage for all target taxa can be found in Supplementary
Table S1. We re-evaluated the coverage of these primer
pairs for all Bacteria and found that almost all had >80%
coverage, indicating that they are all useful for capturing general
bacterial diversity as well as obligate HCB taxa. We note that
for this comparison we made a conservative assumption by
considering only perfect matches to target sequences. Allowing
for mismatches would be expected to generally increase coverage
values.
Currently, most amplicon sequencing is performed using
the Illumina MiSeq platform, which is amenable to medium-
length amplicons. We therefore selected the primer pair
with the highest coverage in this group for further analysis.
The primer pair, S-D-Bact-0343-a-S-15 (forward) and S-D-
Bact-0908-a-A-18 (reverse) forms an amplicon of 583 bp
and covers the hyper-variable regions 3–5. In order to
determine if amplicons from target taxa produced from this
primer pair would be correctly classified using a standard
classification analysis, we extracted in silico-derived amplicons
from sequences of target taxa to be classified with the RDP
näive Bayesian classifier. This analysis revealed that almost all
(≥97% for all groups) target amplicons were correctly classified
to the genus level, and correctly classified sequences were
almost all classified with ≥80% confidence (Supplementary
Table S2).
CONCLUSION
We found that universal bacterial 16S rRNA gene primer
sets varied widely in their coverage for the eight HCB taxa
evaluated here. This suggests that differences in HCB prevalence
across different studies must be interpreted with caution and
highlights the need for careful primer selection. There was
no consistent trend for any single genus to be missed by all
primers, but few primer pairs covered the genera Oleiphilus
and Thalassolituus. Poor primer coverage may also help to
explain the rare detection of Oleiphilus. Generally, many
primer pairs are available that have high overall coverage
of HCB taxa for small and medium sized amplicons, but
coverage is more limited for primers designed to produce
large amplicons. For medium-sized amplicons amenable to the
currently widely used Illumina MiSeq platform, we identified the
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primer pair S-D-Bact-0343-a-S-15 (forward) and S-D-Bact-
0908-a-A-18 (reverse) with the highest overall coverage,
and which targeted all groups with at least 95% coverage.
We therefore recommend the use of this primer pair for
studies focused on detection of these obligate HCB in
the environment. Though in silico analysis suggests that
all primer pairs are compatible for PCR, experimental
testing would be necessary before employing any new
primer pair. In future work, we aim to explore this and
other primer pairs to identify also ‘generalist’ hydrocarbon
degraders.
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